C
ARDIOvASCULAR disease (CvD) remains the leading cause of morbidity and mortality in modern societies (1) , and aging is considered one of the major risk factors (2) . Furthermore, endothelial dysfunction and reduced arterial elasticity are common and early signs that contribute to the age-related increase in CvD risk (3) . Although it is well known that hypertension in older adults (65 years of age and older) increases the risk for CvD three-to fourfold as compared with younger individuals (4), it is important to note that both endothelial dysfunction and reduced arterial elasticity often precedes clinically diagnosed hypertension (blood pressure [BP] threshold ≥140/90 mmHg [5] ). Given that hypertension is the most common modifiable risk factor to reduce mortality in developing countries (6) , it is important to understand and identify early pathophysiology and associations with hypertension so that potential targets for intervention can be identified.
Although the mechanisms underlying the etiology of hypertension are incompletely understood, it has become increasingly clear that low-grade chronic inflammation is often a critical initiating step in the progression of vascular disease (7) (8) (9) (10) . Indeed, tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and C-reactive protein (CRP) have all been shown to be associated with various forms of CvD (11) (12) (13) . However, there is now convincing evidence in animal models that implicates TNF-α as the primary proinflammatory cytokine associated with arterial inflammation and endothelial dysfunction, likely occurring via activation of the nuclear factor kappa B pathway (14, 15) . Furthermore, although it has been well documented that circulating proinflammatory cytokines are elevated in older humans and are associated with an increased risk of atherosclerosis, the majority of studies performed to date have been in adults who already have several risk factors for atherosclerosis and other cardiovascular-related disease (13, 16, 17) . Thus, it is difficult to determine whether an elevated inflammatory profile reflects the degree of CvD or if low-grade chronic inflammation is an age-related causative factor in the development of vascular dysfunction.
In order to better understand the relationships between low-grade chronic inflammation, arterial elasticity, and endothelial dysfunction, the objective of this study was to identify associations between circulating proinflammatory cytokines (IL-6, TNF-α, and CRP) with multiple hemodynamic and arterial elasticity measures in a carefully selected cohort of healthy nonsmoking postmenopausal women (>60 years of age) free of overt cardiovascular risk factors. Given that the observed age-related decrease in arterial elasticity has been shown to be absent or attenuated in endurance-trained adults and that endurance training can restore reduced arterial elasticity in previously sedentary individuals (18, 19) , a secondary objective was to examine the associations of cardiovascular fitness with arterial elasticity and hemodynamic measures.
Methods

Participants
This cross-sectional study consisted of 50 healthy postmenopausal women aged 60 years and older with no history of heart disease or type 2 diabetes, body mass index less than 30 kg/m 2 , nonhypertensive (systolic blood pressure [SBP] <140 or diastolic blood pressure [DBP] <90 mmHg), normal resting electrocardiography (EKG) response at rest and during exercise, nonsmokers, and no use of medications known to affect cardiovascular or metabolic function. Preliminary screening for study inclusion included a physical examination, dual-energy X-ray absorptiometry, and a 12-lead EKG. Participants were excluded from the study if they were hypertensive, displayed any abnormal EKG responses at rest or during exercise, or dual-energy X-ray absorptiometry assessment revealed osteoporosis. Participants had no history of heart disease or diabetes mellitus (review of medical records). The study was approved by the Institutional Review Board for Human Use at the University of Alabama at Birmingham (UAB). All women provided informed consent prior to participating in the study.
Body composition Measurements
Body composition was measured by dual-energy X-ray absorptiometry (Prodigy; Lunar Radiation, Madison, WI). The scans were analyzed with the use of ADULT software, version 1.33 (Lunar Radiation).
aerobic capacity Testing
Maximum oxygen uptake (vO 2max ) was measured by indirect calorimetry on a treadmill using a modified Bruce protocol. Participants warmed up for 4 minutes at a speed of 3 mph on a 2.5% grade, grade was increased 2.5% each minute until volitional exhaustion. volume of O 2 and CO 2 were measured continuously by open-circuit spirometry and analyzed using a Sensormedics metabolic measurement cart (model 2900, Yorba Linda, CA). Heart rate was monitored by a Polar vantage XL heart rate monitor (Polar Beat, Port Washington, NY). The highest vO 2 achieved within the last 2 minutes of exercise was recorded as vO 2max.
laboratory analyses
Inflammatory markers were assessed using ELISAs. All samples were analyzed in duplicate. TNF-α was analyzed using the high-sensitivity ELISA kit (Quantikine HSTA00C, R&D Systems, Minneapolis, MN). IL-6 was assayed using the high-sensitivity ELISA kit (Quantikine HS600B, R&D Systems). CRP was assayed with the high-sensitivity ELISA kit (030-9710s, ALPCO, Windham, NH). HDL, LDL, and triglycerides were measured with the Ektachem DT II system.
arterial elasticity evaluation
Hemodynamic and arterial elasticity variables such as SBP, DBP, and mean arterial blood pressures (MAP), pulse rate, large artery elasticity (LAE) and small artery elasticity (SAE), total vascular impedance , systemic vascular resistance (SvR), estimated cardiac output (ECO), and estimated cardiac index were measured using noninvasive pulse wave analysis (HDI/Pulse Wave TM CR-2000, Hypertension Diagnostics, Eagan, MN). The arterial pulse wave analysis of the radial artery is based on a modified Windkessel model that allows evaluation of the large conduit arteries and the small microcirculatory arteries (20) . Briefly, with participants in the seated position, a solid-state pressure transducer array (tonometer) was placed over the radial artery of the dominant arm to record the pulse contour. The waveform was calibrated by the oscillometric method. Once a stable measurement was achieved, a 30 second analog tracing of the radial waveform was digitized at 200 samples per second. Before, during, and after the waveform assessment, an automated oscillatory BP measurement was taken on the contralateral arm. The first maximum waveform observed represents the action of the arteries following cardiac ejection and reflects the large arteries, whereas the second rebound wave reflects compliance of the smaller arteries. SvR was calculated as the MAP divided by the ECO. Estimated cardiac index was calculated as the ECO divided by the body surface area. Total vascular impedance was determined from the modified Windkessel model evaluated at the frequency of the measured heart rate (21).
Statistical analyses
Descriptive characteristics are reported as means and standard deviations. All variables were evaluated for residual normality and logarithmic transformations were performed when appropriate. Simple Pearson correlations were used to examine associations of SBP, DBP, MAP, pulse rate, LAE, small artery elasticity, total vascular impedance, SvR, ECO, and estimated cardiac index with TNF-α, IL-6, CRP, and vO 2max . Multiple linear regression analyses for LAE and SvR were done to make adjustments for potential confounders in understanding the relationships between vascular measures and inflammatory markers. Due to limitations of observation to variable ratio, two separate models were used: one with adjustments made for TNF-α, HDL, LDL, and triglycerides and the other with adjustments for TNF-α, age, %fat, and SBP. Collinearity between variables was within acceptable limits for all variables in all models with all variable inflation factors less than 1.7. A partial correlation analysis, adjusted for age, was used to identify associations between vO 2max and arterial elasticity measures. For all analyses, a p value less than .05 was deemed statistically significant. All data were analyzed using the Statistical Package for the Social Sciences (SPSS, version 19.0, Chicago, IL).
Results
Descriptive statistics are shown in Table 1 . The partial correlations of inflammatory markers with arterial elasticity and hemodynamic variables are reported in Table 2 .
Simple correlation analyses revealed a significant positive association between TNF-α and SBP, DBP, MAP, total vascular impedance, and SvR and a significant inverse association with LAE and estimated cardiac index (p < .05). Additionally, there was a significant inverse association between CRP and LAE (p < .05). No significant associations were observed between IL-6 and arterial elasticity and hemodynamic measurements.
Multiple linear regression analyses revealed an independent relationship between TNF-α and LAE and SvR after adjusting for blood lipids (HDL, LDL, and triglycerides). However, these relationships no longer existed when adjusting for age, SBP, and %fat. Furthermore, an independent relationship was observed for SBP and %fat with SvR (Tables 3 and 4 ). The age and %fat adjusted mean associations between TNF-α and elasticity and hemodynamic measures are shown in Figure 1 .
These data suggest the relationship of TNF-α with hemodynamic and arterial elasticity measures in older women are independent of differences in blood lipids, however, the relationship between TNF-α and SvR appears to be in part associated with SBP and %fat.
Partial correlation analyses revealed a significant positive association between vO 2max and LAE (p < .05; Figure 2) . No significant associations were observed between vO 2max and other small artery elasticity or hemodynamic measurements.
Discussion
The objective of this study was to examine associations between circulating proinflammatory cytokines (IL-6, TNF-α, and CRP) with arterial elasticity and other hemodynamic measures associated with hypertension in a cohort of healthy postmenopausal and older women aged 60 years and older. Additionally, we sought to determine if these relationships could be explained by differences in body composition. Results demonstrated that, in this sample of older postmenopausal women, TNF-α was strongly associated with a decrease in arterial elasticity and greater vascular resistance. Furthermore, the associations between elasticity were independent of differences in body composition, lipids, and age. These observations suggest that future longitudinal human studies should be conducted to determine whether TNF-α is a critical proinflammatory cytokine associated with arterial aging.
To our knowledge, this is the first study to investigate the associations of proinflammatory cytokines with hemodynamic and arterial elasticity measures in a cohort of normotensive healthy women with no known clinical CvD. Chronic inflammation is well known to play an essential role in the etiology of many CvDs, and more recent evidence suggests an involvement in vascular aging (2, 22) . Among the proinflammatory cytokines measured in this study, TNF-α demonstrated the strongest association with arterial elasticity, SvR, SBP, DBP, and MAP measures. Consistent with these studies, we also find that BP is related to vascular resistance. This is in agreement with several animal studies that have demonstrated a link between TNF-α and endothelial impairment during the aging process (15, 23) . Although we can only speculate as to potential mechanisms in which TNF-α influences arterial note: CRP = C-reactive protein; DBP = diastolic blood pressure; ECE = estimate cardiac ejection time; ECO = estimated cardiac output; IL-6 = interleukin-6; LAE = large artery elasticity; MAP = mean arterial pressure; SAE = small artery elasticity; SBP = systolic blood pressure; SvR = systemic vascular resistance; TG = triglycerides; TNF-α = tumor necrosis factor; TvI = total vascular impedance. notes: CRP = C-reative protein; DBP = diastolic blood pressure; ECI = estimated cardiac index; ECO = estimated cardiac output; IL-6 = interleukin-6; LAE = large artery elasticity; MAP = mean arterial pressure; SAE = small artery elasticity; SBP = systolic blood pressure; SvR = systemic vascular resistance; TNF-α = tumor necrosis factor; TvI = total vascular impedance.
Bold values indicate p < .05. elasticity or hemodynamics, several animal and in vitro studies have demonstrated that TNF-α may induce oxidative stress by upregulating and/or activating NADPH oxidase, which generates reactive oxygen species and can further activate nuclear factor kappa B, resulting in upregulation of proatherogenic inflammatory mediators (14, 15, 24) .
Thus, there appears to be strong evidence linking increased TNF-α concentration during aging to arterial inflammation, endothelial dysfunction, arterial elasticity, and age-related cardiovascular pathophysiology. Interestingly, TNF-α is not independently related to arterial elasticity or resistance after adjusting for SBP, suggesting that BP changes are inherently involved in the TNF-α arterial function relationship. Further research is necessary to improve our understanding of these interrelationships.
Although associations between inflammatory markers with arterial elasticity have previously been shown in young and older adults (5, 25, 26) , these data are often confounded by other factors (impaired glucose tolerance, dyslipidemia, adiposity, smoking, or antihypertensive medication) known to influence inflammation. Our investigation included multiple inflammatory markers and vascular measures and also included a homogenous distribution of apparently healthy older women. The observation that both TNF-α and CRP were associated with a reduction in LAE and greater SvR demonstrates a potential link between inflammation and arterial aging that presents well before an increase in BP occurs.
This observation is important given that hypertension-related CvDs transpire well before clinically diagnosed hypertension occurs. The following quote by the hypertension writing group in 2004 elaborately describes the new dogma linking vascular dysfunction and CvD, "Hypertension is a progressive cardiovascular syndrome arising from complex and interrelated etiologies. Early markers of the syndrome often present before blood pressure elevation is sustained; therefore hypertension cannot solely be classified by discrete blood pressure thresholds." (27) Understanding the pathophysiological mechanisms involved in the early onset of reduced arterial elasticity and endothelial and smooth muscle cell dysfunction are essential for developing potential targets for early intervention.
Chronic inflammation is associated with adiposity, metabolic dysfunction, and CvD (28, 29) . Therefore, it is often difficult to determine whether inflammation is a causative factor in the progression of various cardiovascular and metabolic diseases. We did not measure specific fat depots in this study; therefore, we are unable to assess the relationship between inflammatory markers and visceral and subcutaneous fat. However, we and others have previously demonstrated that visceral fat was the primary fat depot responsible for circulating TNF-α concentration (29) (30) (31) . This study revealed a significant association between TNF-α and CRP with arterial elasticity and hemodynamic measures independent of body mass index and %fat in. Although adiposity is often associated with elevated inflammation, our data suggest that the relationship between inflammatory markers and arterial function may occur independently of adiposity-induced inflammation.
The cohort of women included in this study was initially inactive and engaging in very little physical activity. It has been shown in other cross-sectional studies comparing trained and sedentary adults and intervention studies of aerobic exercise training, that maintaining or improving cardiovascular fitness may protect the arteries against age-associated decreases in arterial and endothelial dysfunction in middle-aged and older men (32, 33) , however, this has not been studied in healthy postmenopausal women (34) . Our results revealed that cardiovascular fitness level, as measured by vO 2max , was significantly positively associated with LAE in our cohort of postmenopausal women. However, given the cross-sectional nature of this study, we are unable to establish causality. These discrepancies between findings and the mechanisms underlying these sex-specific differences warrant further exploration. To date, there are few studies that have assessed the affect of exercise training on age-related vascular function in older postmenopausal women. Future studies should bridge this gap in the literature.
Strengths of this study included recruitment of a homogenous cohort of older healthy postmenopausal women with no known CvD or metabolic complications. Further strengths included robust measurements of hemodynamic variables and inflammatory markers. It is possible that the relationship between LAE and TNF-α may have been confounded by variables such as blood lipids and BP. However, there were no significant association between any blood lipid and cytokines that were significantly related to elasticity or hemodynamic measures, therefore, negating potential confounding effects. In addition, adjusting for BP did not affect the association between TNF-α and arterial elasticity. Limitations in this study include the cross-sectional design, small sample size, lack of glucose measurements, and use of dual-energy X-ray absorptiometry instead of computed tomography for body composition measurements. Future studies should focus on identifying strategies to reduce inflammation and preserve and/or restore arterial elasticity and vascular function. Additionally, longitudinal studies should be conducted in order to determine whether a cause and effect relationship exists between inflammatory markers and arterial and/or vascular function.
In conclusion, the overall implication from this study was that TNF-α and CRP may be critical proinflammatory cytokines associated with arterial aging; supporting the notion that arterial elasticity may at least in part be related to systemic inflammation. Additionally, we also showed an association between cardiovascular fitness level and arterial elasticity, which supports previous studies demonstrating an important link between fitness and vascular health. Further research is needed to determine whether reducing systemic inflammation and/or improving cardiovascular fitness can prevent or attenuate the age-associated decrease in vascular function in older postmenopausal women.
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